In humans, uropathogenic Escherichia coli (UPEC) is the most common etiological agent of uncomplicated urinary tract infections (UTIs). Cranberry extracts have been linked to the prevention of UTIs for over a century; however, a mechanistic understanding of the way in which cranberry derivatives prevent bacterial infection is still lacking. In this study, we used a fliC-lux reporter as well as quantitative reverse transcription-PCR to demonstrate that when UPEC strain CFT073 was grown or exposed to dehydrated, crushed cranberries or to purified cranberry-derived proanthocyanidins (cPACs), expression of the flagellin gene (fliC) was inhibited. In agreement with these results, transmission electron microscopy imaging of bacteria grown in the presence of cranberry materials revealed fewer flagella than those in bacteria grown under control conditions. Furthermore, we showed that swimming and swarming motilities were hindered when bacteria were grown in the presence of the cranberry compounds. Because flagellum-mediated motility has been suggested to enable UPEC to disseminate to the upper urinary tract, we propose that inhibition of flagellum-mediated motility might be a key mechanism by which cPACs prevent UTIs. This is the first report to show that cranberry compounds inhibit UPEC motility via downregulation of the fliC gene. Further studies are required to establish whether these inhibitors play a role in vivo.
There are more than 150 million cases of urinary tract infection (UTI) in the world every year, with correspondingly significant morbidity and health care costs (12) . Uncomplicated UTIs, i.e., infections that occur in healthy, immunocompetent individuals, are caused over 80% of the time by uropathogenic Escherichia coli (UPEC) (44) . Among UPEC strains, E. coli CFT073, a strain isolated from the blood and urine of a woman diagnosed with acute pyelonephritis (34) , is one of the most prevalent clonal lines (21, 22) . The majority of UTIs develop in an ascending manner (1, 44) that commences when bacteria inoculate the periurethral area and then the bladder (20, 35, 46) . The bacteria may then ascend to the upper urinary tract and kidneys and establish a secondary infection (44) . Once in the kidneys, the bacteria can access the bloodstream, causing bacteremia and (potentially) death (44) .
The bacterial flagellum is a molecular machine driven by a motor which rotates a long, curved filament (2) . This filament extends from the basal body outward and is a polymer of flagellin subunits encoded by the fliC gene (6, 31) . Mutations in fliC result in loss of flagellation and motility (31) . Flagellummediated motility has been suggested to contribute to virulence by enabling UPEC to disseminate to the urinary tract, to escape host immune responses, and to disperse to new sites within the urinary tract (24) . Even though this hypothesis remains to be demonstrated, several groups have shown that fliC mutants are outcompeted by motile, wild-type strains during experimental cochallenge of mice (24, 40, 45) , thereby demonstrating that flagella provide a fitness advantage in the colonization of the urinary tract. Furthermore, flagellar motility has been shown to be essential for the pathogenesis of other bacteria, including Proteus mirabilis (5, 33) , Salmonella species (39, 47) , Helicobacter pylori (42) , and enteropathogenic E. coli (8) .
The standard management approach for uncomplicated UTIs is empirical therapy with antibiotics (17, 32); however, current rising antimicrobial resistance (9, 10) has resulted in increasing clinical failure rates (3, 26) , emphasizing the need to develop alternate options for infection prevention and treatment. North American cranberries (Vaccinium macrocarpon) have long been considered to have protective properties against UTIs. Some of the first scientific research conducted on this topic concluded that acidification of the urine following the consumption of cranberries was responsible for the preclusion of UTIs (4); however, subsequent studies showed that the pH of urine is not altered significantly by the intake of cranberries (11, 16) . Several studies have also demonstrated that cranberry products are nonbacteriostatic (15, 36) . Current research supports the hypothesis that cranberries, and specifically the condensed tannins that they contain, known as proanthocyanidins (PACs), hinder bacterial attachment to abiotic surfaces (7, 28) and to uroepithelial and kidney cells (16, 29, 37, 43) , therefore preventing infection. However, a mechanistic understanding of the way in which cranberries influence bacterial behavior is still lacking.
With the purpose of elucidating how bacterial gene expression is affected by cranberry PACs (cPACs), our laboratory previously examined the transcriptional profiles of E. coli CFT073 cultures grown in Luria-Bertani (LB) broth and in the presence or absence of cPACs (15) . Among the genes that were found to be downregulated in the presence of cPACs was the flagellin gene (fliC) (15) . Additional research has shown that in Pseudomonas aeruginosa, swarming motility is blocked by cPACs and other tannins (36) . The main goal of this study was to further investigate if exposure to cranberry materials would result in downregulation of the fliC gene in E. coli CFT073 and whether this would impact this bacterium's motility.
MATERIALS AND METHODS
Bacterial strains and media. The strains and plasmids used in this study are detailed in Table 1 . E. coli strain CFT073 (ATCC 700928) was used as the test bacterium in this study. Cultures were grown in LB medium (10 g/liter tryptone, 10 g/liter NaCl, and 5 g/liter yeast extract) or M9 minimal medium, as indicated. M9 medium contained the following (per liter): 12.8 g Na 2 HPO 4 ⅐ 7H 2 O, 3 g KH 2 PO 4 , 0.5 g NaCl, 1.0 g NH 4 Cl, 0.24 g MgSO 4 , 0.01 g CaCl 2 , and 4 g of glucose as the sole carbon source. The pH of all M9 growth media used in this study, whether supplemented or not with cranberry powder (CP) or cPACs, was adjusted to 7.1 with NaOH as required, using an Accumet AR20 pH meter. Planktonic bacterial cultures were incubated at 37°C with rotary shaking at 150 rpm unless otherwise indicated. Ampicillin and kanamycin were added as needed, to final concentrations of 100 g/ml and 50 g/ml, respectively. Dehydrated, crushed cranberry powder (Canneberges Atoka Cranberries, Quebec, Canada) and dry cPAC extract purified by high-performance liquid chromatography (HPLC) (Marucci Center for Blueberry and Cranberry Research, Rutgers University) were solubilized in distilled, deionized water and sterilized by filtration.
Growth curves. Cultures of E. coli CFT073 were grown in the presence or absence of cPACs at 0.1 mg/ml and of CP at 1, 5, 10, 15 and 20 mg/ml. An overnight culture of CFT073 grown at 37°C with shaking at 200 rpm was diluted 1,000-fold with M9 medium. This cell suspension, containing approximately 3 ϫ 10 6 cells/ml, was aliquoted into sterile 96-well plates and incubated at 37°C until stationary phase was reached (ϳ12 h). The optical density at 600 nm (OD 600 ) was recorded at intervals, using a Tecan Infinite M200 Pro instrument (Tecan Group Ltd., Männedorf, Switzerland). Each condition was set up in quadruplicate.
fliC downregulation. An overnight culture of E. coli strain CFT073 P fliC -lux (24), grown as described above, was diluted 1,000-fold. Aliquots of the cell suspension (3 ϫ 10 6 cells/ml) were mixed with CP at 0, 1, 5, 10, 15, and 20 mg/ml or with cPACs at 0.1 mg/ml, and the cultures were incubated at 37°C in a 96-well white polystyrene plate with a clear bottom. Luminescence and OD 600 values were measured periodically, using a Tecan Infinite M200 Pro instrument (Tecan Group Ltd., Männedorf, Switzerland), for 12 h. Expression of the flagellar gene, fliC, was quantified by measuring the luminescence and normalizing it to cell concentration, which was calculated by subtracting the initial OD 600 reading from the OD 600 at each time point [expression of fliC ϭ luminescence/(OD 600 Ϫ initial OD 600 )]. This was done to account for the variability in cell numbers as well as for the changes in OD 600 generated by the addition of CP or cPACs.
The response of the fliC-lux reporter was also tested by growing the bacteria to mid-exponential phase (OD 600 Ϫ initial OD 600 Ϸ 0.25) in M9 medium, harvesting the cells, and spiking them with cPACs or CP at the concentrations described above. Luminescence and optical density were recorded for the following 5 h, and fliC expression was quantified as described above.
RNA extraction, cDNA synthesis, and comparative qPCR. A culture of E. coli CFT073 that was grown overnight was diluted 1,000-fold in M9 medium. Aliquots of this suspension (approximately 3 ϫ 10 6 cells/ml) were mixed with CP at 0, 5, 10, and 20 mg/ml or with cPACs at 0.1 mg/ml and incubated at 37°C with agitation to mid-exponential growth phase (OD 600 Ϫ initial OD 600 Ϸ 0.25). Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. After elution, nucleic acid concentrations and quality were determined by spectrophotometry using an Eppendorf BioPhotometer Plus instrument (Eppendorf, Hamburg, Germany (30) . Three independent isolated cDNA samples were analyzed. Sequences of the primers used to amplify gapA and fliC are detailed in Table 1 .
Electron microscopy. For transmission electron microscopy, bacteria from the outer motility rings of 0.5% agar LB plates supplemented with 0.5% glucose were cultured in LB, with and without CP at 10 mg/ml, in a rotary shaker set at 200 rpm and 30°C for 16 h. Next, 5 l of bacterial suspension and 5 l of 2.5% glutaraldehyde were placed on carbon-coated copper grids (SPI Supplies, West Chester, PA) for 2 min. Bacteria were stained with 1% uranyl acetate for 1 min. The grids were examined with an FEI Tecnai 12 transmission electron microscope at an operating voltage of 120 kV. Digital images were captured with a Gatan Bioscan model 792 charge-coupled device (CCD) camera.
Motility. Swimming and swarming motilities were evaluated using soft-agar plates. For the swimming assays, 0.25% agar M9 plates with CP added at concentrations ranging from 1 to 20 mg/ml or cPACs added at 0.1 mg/ml were allowed to dry at room temperature overnight before use. Swimming plates were seeded with overnight cultures of E. coli CFT073 by use of a sterile inoculating needle. Control plates without CP or cPACs were also set up. Swarming motility was assessed in 0.5% Eiken agar (Eiken Chemical, Tokyo, Japan) LB plates supplemented with 0.5% glucose. CP or cPACs were also added at the concentrations described above. An overnight culture of E. coli CFT073 was diluted 1,000-fold and incubated until early stationary phase (OD 600 Ϫ initial OD 600 Ϸ 0.5). At that point, 5 l of the culture was spotted onto the surface of a plate. Swimming and swarming plates were incubated at 30°C and 37°C, respectively, and motility was recorded at various time points.
RESULTS AND DISCUSSION
A whole-transcriptome analysis of UPEC CFT073 grown in LB in the presence or absence of 0.1 mg/ml cPACs was conducted previously by our lab (15) . The study revealed that in the culture grown with cPACs, the flagellin gene (fliC) was downregulated 2.4-fold (15) . Given that several works have demonstrated that flagella play an important role during ascending UTIs (24, 40, 45) , we decided to further investigate the downregulation of fliC during bacterial growth in the presence of cranberry materials.
Our prior work showed that concentrations of cPACs in LB as high as 1.6 mg/ml did not inhibit the growth of CFT073 (15) . However, LB is an undefined medium that is rich in essential elements (38) . Thus, to test whether cPACs or CP added to M9 medium, a defined, minimal medium with no added trace metals, would hinder bacterial growth, CFT073 was grown in this medium with cPACs or CP at various concentrations. As shown in Fig. 1 , bacterial growth rates and yields were not altered significantly by the introduction of either cPACs or CP at any of the working concentrations. This is an important result, because conditions that are adverse to growth, such as high temperature, high concentrations of salts or certain alcohols, or the presence of gyrase inhibitors, have been reported to inhibit motility (27, 41) . Based on these results, we concluded that the differences in gene expression and phenotype that were observed in the bacterial cultures exposed to cranberry compounds did not result from toxic effects of these compounds. The effect of cPACs or CP on the regulation of fliC transcription was first assayed using a luminescent fliC reporter (24) . A culture of CFT073 harboring the P fliC -lux plasmid was grown in M9 medium supplemented with cPACs at 0.1 mg/ml or with CP at various concentrations (Fig. 2a) . Our results show that the normalized luminescence decreased with increasing CP concentrations. Also, the normalized luminescence was lower when the bacteria were grown with cPACs than when they were grown in M9 medium alone. Because a decrease in the transcription of fliC from the fliC-lux reporter correlates with a decrease in the luminescent signal, our data support the hypothesis that growth in the presence of CP or purified cPACs results in a reduction of fliC expression. These results were further validated by conducting RT-PCR to determine the relative quantities of fliC transcripts in the mRNAs extracted from UPEC cultures grown in the presence and absence of cPACs or CP (Fig. 2b) . Relative mRNA expression of fliC was normalized to that of a stable housekeeping gene, gapA. The RT-PCR confirmed that in the presence of 0.1 mg/ml of cPACs, fliC was downregulated. Also, the flagellin gene was observed to be downregulated significantly when the bacteria were grown in M9 medium supplemented with CP at the concentrations tested (5, 10, and 20 mg/ml). To further assess the conditions under which cranberry compounds may reduce fliC transcription, CFT073 P fliC -lux bacteria were grown in M9 medium, harvested, and then spiked with CP or cPACs. Luminescence and OD 600 values were measured as described above, and the normalized luminescence was calculated (Fig. 2c) . The results obtained show that relative to the control value, a spike with cPACs (0.1 mg/ml) or with 5 mg/ml or more of CP reduce the normalized luminescence. Based on these data, we concluded that growth with CP or cPACs is not necessary to achieve a reduction in the level of expression of the flagellin gene.
Additional evidence that growth of UPEC in media supplemented with cranberry compounds precludes flagellar synthesis was obtained by using electron microscopy to image bacteria cultivated under conditions that optimize motility, as described by Lane et al. (25) . Abundant flagella were observed in bacteria that were grown in the control medium (Fig. 3a and  c) ; however, for the samples obtained from bacteria grown with CP, few or no flagella were imaged ( Fig. 3b and d) . This result agrees with our expectations, because if exposure to cranberry materials results in a decrease in the transcription of the flagellin gene, fewer flagellar filaments should be synthesized by the bacteria in the presence of those materials.
Next, we set out to evaluate whether the downregulation of fliC that results from growth or exposure to cranberry compounds impairs bacterial motility. Swimming motility is a type of bacterial movement that is powered by rotating flagella and that takes place as individual cells move in liquid environments (23) . Swarming is also a type of motility that is powered by rotating helical flagella; however, it differs from swimming in that it requires an increase in the number of flagella per cell, as well as the secretion of surfactants to reduce surface tension and allow spreading, and in that the movement occurs in a coordinated manner across a surface (23) . Because flagella are essential for both swimming and swarming, the effect of cranberry compounds on both of these motility phenotypes was tested. Figure 4a shows that concentrations of CP of Ͼ10 mg/ml completely blocked swimming motility. Moreover, the figure illustrates that relative to the control level, 0.1 mg/ml of cPACs also resulted in a decrease in motility. Figure 4b shows representative images of swimming motility plates containing CFT073 in the absence and presence of CP (10 mg/ml) or cPACs (0.1 mg/ml). An image of CFT073 ⌬fliC grown under control conditions was included to illustrate that CP blocked the swimming motility in a manner similar to that seen with fliC gene deletion. Evaluation of swarming motility was performed with LB plates instead of M9 plates because attempts at evaluating swarming motility in M9 medium were not successful (data not shown). This is not surprising given that swarming motility has been shown to require a glucose-supplemented, energy-rich medium (13, 18) and that swarming cell differentiation has been shown to be repressed in some standard laboratory media (18, 23) . The swarming motility tests revealed that the swarming of UPEC CFT073 was impaired by cPACs and by CP, in a dose-dependent manner, as depicted in Fig. 4c . It is noteworthy that the inhibitory effects on swarming motility of both CP and cPACs were more pronounced than those on swimming motility, i.e., CP at 5 mg/ml was enough to significantly reduce swarming motility, but a higher concentration (10 mg/ml) was required for significant reduction of swimming motility. Swarmer cells are hyperflagellated, but one flagellum is sufficient for swimming motility (13, 14, 23) . It is possible that the decrease in expression of fliC upon exposure to CP still allows for the synthesis of enough flagellar filaments to enable bacteria to swim but makes swarming prohibitive.
All of our experiments were conducted with HPLC-purified cranberry PACs but also with dried, crushed cranberries. The rationale for using both sources of cPACs was to test whether highly purified cPACs would elicit the same response as whole cranberries. As our data show, similar results were achieved with regard to fliC expression and motility regardless of whether cPACs or CP was utilized. These results highlight the role that consumption of whole, unpurified cranberries might have in the prevention and treatment of UTIs.
Cranberry ingestion has long been associated with the prevention of UTIs; however, a mechanistic understanding of the way in which the consumption of cranberries results in UTI prevention is achieved remains elusive. Recent research has focused on the inhibitory effect that PACs from cranberries, blueberries, and other Vaccinium species have on the adherence of E. coli to epithelial cells and surfaces (7, 29, 37, 43) . The anti-adhesive properties of cranberries have been attributed to inhibition of p-fimbria expression (19, 28, 37) . However, a relationship between cranberry compounds and the downregulation of the flagellin gene has not been reported.
In this study, we demonstrate that growth with or exposure to cranberry PACs or powder results in the downregulation of the flagellin gene (fliC). Moreover, we show that the decrease in the level of fliC expression precludes the synthesis of flagella, which then results in hindered swimming and swarming motility. The cause of the downregulation of fliC transcription and the accompanying decrease in motility as a result of the exposure to cranberry compounds remains to be determined. There is compelling evidence that UPEC strains express flagellin and utilize flagellummediated motility to ascend to the upper urinary tract dur- ing UTI (24, 40, 45) . Therefore, we hypothesize that the prevention of UTIs that can result from the consumption of cranberries is linked with a decreased expression of fliC. Before this hypothesis is tested, additional research needs to be conducted to determine whether fliC is downregulated by cranberry compounds in vivo.
